locations of the integration points, as illustrated in Fig. 18 . Compared to the alternative schemes, the new transformation generates more sample points close to the projection point and, thus, close to the singularity. This behavior is essential for the more accurate results.
IV. CONCLUSION
A new Radial-Angularsingularity cancellation transformation was found accurate and efficient for all relevant types of singular integrals in electromagnetic boundary integral equations. With decreasing projection height, the integration domain of this transformation remains stable and the integrals keep good accuracy. The transformation is applicable to both -type and -type kernels and shows in particular improved convergence for -type kernels as compared to alternative transformations. 
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Errors in Shortened Far-Field Gain Measurement Due to Mutual Coupling
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Abstract-In this study, errors in shortened far-field gain measurement caused by mutual coupling were investigated. In addition, an averaging technique was evaluated to enhance the accuracy of gain measurement. Numerical simulation of an analysis model comprising two half-wavelength dipole antennas was performed for verification. Discrepancies were observed in the calculated distance and gain because of mutual coupling between the two antennas. These differences reduce as the distance between the antennas increases. The proposed averaging technique was shown to enhance the accuracy of gain measurement.
Index Terms-Dipole antennas, error analysis, gain measurement, mutual coupling, numerical analysis.
I. INTRODUCTION
Numerous types of antenna gain measurement techniques such as far-field two-and three-antenna methods [1] exist. In far-field gain measurement techniques, the distance between the transmitting and receiving antennas is fixed. In the commonly used far-field antenna gain measurement technique, referred to as the gain comparison method, either the distance is measured or the term including the distance is cancelled by replacing the receiving antenna with a standard gain antenna. However, measuring the distance and/or replacing a receiving antenna can be difficult occasionally, such as during gain measurement of an on-chip antenna in the millimeter-wave band. Therefore, the shortened far-field gain measurement technique [2] is a promising candidate to overcome those difficulties. In the shortened far-field gain measurement technique, far-field antenna gain measurements are performed with two or more sets of distances; this method is easy in the case of gain measurement of an on-chip antenna in the millimeter-wave band using a micrometer. The distance and gain can be determined from the information of the difference in distances along with received powers. However, the error of the methodology must be known to estimate accuracy. Therefore, the errors that occur during shortened far-field gain measurement due to mutual coupling are investigated in this study through numerical simulation. Method of moments (MoM) [3] simulation was performed for an analysis model consisting of two half-wavelength dipole antennas. An averaging method is also proposed to enhance the accuracy of gain measurement.
II. SHORTENED FAR-FIELD GAIN MEASUREMENT TECHNIQUE
In this section, the shortened far-field gain measurement technique [2] is summarized. Fig. 1 shows the principle of the shortened far-field gain measurement technique. If the far-field region is assumed, the Friis transmission equation [4] can be expressed as (1) for two antennas separated by distance . Here, is the transmission coefficient, and denotes the free space wavelength. Further, is antenna gain of Antenna #1(#2) toward Antenna #2 (#1). If the distance is varied from to , (1) can be rewritten as
By solving (1) and (2) for distance and the product of the gains of the two antennas ( ), we obtain
Further, we obtain (4) It should be noted that can be obtained from (4) without knowing , and can be calculated from (3). Further, if is known, can be determined by using a standard gain antenna. If , the gain can be calculated from .
III. RESULTS
Numerical simulations were performed using two dipole antennas, separated by distance , of length and radius , as shown in Fig. 2 . The length is chosen so that resonance, at which the imaginary part of input admittance is zero, is achieved for the case of isolated antenna (i.e., only Antenna #1 exists in free space). The far-field condition for this antenna is . Fig. 3 shows the variation of reflection and transmission coefficients with distance . The S-parameters were calculated using the MoM code [3] . To realize impedance matching for the isolated antenna, 73
impedances were connected at Port 1 and Port 2. Moreover, varies because of mutual coupling when is small, and it converges to that of the isolated antenna as increases. In addition, decays exponentially according to the Friis transmission equation. Fig. 4 shows the variation of calculated distance and gain, using (3) and (4), with for . The distance is calculated accurately though small ripples can be observed. As can be seen, the gain varies with a period of because of the mutual coupling. The variation is large when is small. The calculated antenna gain approaches that of the isolated antenna (2.13 dBi) as increases. Therefore, the error can be reduced by averaging . The calculated distance and gain of three values of , , , are also shown in Fig. 4 . The gain difference and (the subscript dB indicates that the unit is dB) are shown in Fig. 5 . Two averaged results with three ( , ) and five ( , , ) samples are also shown in the figure. As can be seen, the gain variation reduces as the number of averaged samples increases. The gain difference is less than 0.1 dB for without averaging, and is less than 0.1 dB even when when five samples are averaged. Fig. 6 shows the variation of distance and gain with for different distances and . The two distances were chosen so that the difference is minimum and maximum, respectively. We can see that the difference decreases as increases. The variations reduce when in each case of .
IV. CONCLUSION
Errors in the shortened far-field gain measurement technique due to mutual coupling was investigated via numerical simulation. Numerical simulation of an analysis model comprising two half-wavelength dipole antennas was performed for verification. The variations in calculated distance and gain were found to reduce as the distance increased. An averaging method is proposed to improve the accuracy of gain measurement. The gain difference reduces as the number of averaged samples increases. The gain difference is less than 0.1 dB for without averaging, and it is less than 0.1 dB even when when five samples are averaged. The variations of distance and gain with were investigated, and the variations were found to reduce when in each case of .
